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Abstract 
To monitor the migration of the injected CO2 in the Ketzin project (Germany) a permanently buried multi-component seismic 
array has been installed in August 2009. Since then the array has been continuously recording passive seismic data. Additionally 
an active seismic survey resulting in a 230 m long 2D seismic line roughly passing over the monitoring well Ktzi 202/2007 has 
been acquired in November 2009. This relatively small set-up is meant as a pre-screening study to demonstrate the added value 
of the buried sensors before installing a larger 3D array. 
A first analysis of the active seismic data shows, that the use of an array of buried receivers results in (time-lapse) seismic data 
that offer a superior S/N ratio suppressing both ambient noise and surface related coherent noise. This setup is expected to lead to 
an increased repeatability. This paper describes the experimental set-up and first results of the acquired baseline data using the 
buried sensors. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Seismic monitoring; CO2 storage; Demonstration project 
 
1. Introduction 
CO2 has been injected since June 30th 2008 in well Ktzi 201/2007into a saline aquifer near the town of Ketzin, 
west of Berlin in Germany [1]. A maximum of about 60,000 t CO2 in total will be injected. One injection well and 
two observation wells were drilled to a depth of 750 m to 800 m at a distance of 50 m to 100 m from each other 
(Figure 1). At the far monitoring well Ktzi 202/2007 breakthrough of CO2 has been observed in March 2009. TNO 
designed and implemented a seismic monitoring system consisting of vertical and horizontal geophones and 
hydrophones at different locations along a line and at different depths. Besides passive seismic listening this 
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monitoring system was used to record data for an active survey carried out on October 29th 2009. The imaged 2D 
line obtained with this survey is virtually crossing the monitoring well Ktzi 202/2007. This paper shows the first 
results of the active seismic survey. 
2. Geology 
The Ketzin storage site is located at the southern flank of a gently dipping anticline, which formed above a salt 
pillow situated at a depth of 1500−2000 m. The target formation for CO2 injection is the Stuttgart Formation of 
Triassic age, located at a depth of about 650 m. The Stuttgart Formation, is on average 80 m thick and lithologically 
heterogeneous: sandy channel-(string)-facies rocks of good reservoir properties alternate with muddy, flood-plain 
facies rocks of poor reservoir quality ([2] & [3]). 
The thickness of the sandstone interval may attain several tens of meters where sub-channels are stacked. The top 
seal of the Stuttgart Formation is the Triassic Weser Formation. The Weser Formation, deposited in a clay/mud-
sulfate playa environment [4], consists mostly of mudstone, clayey siltstone, and anhydrite as observed on well logs 
and on 30 m core obtained in the CO2 Ktzi 200/2007 and CO2 Ktzi 201/2007 wells [4]. The overburden of the 
storage formation contains several aquifers and aquitards.  
 
 
Figure 1: Air photo of the Ketzin site with the shotline (red), receiver line (green) (with the wells TNO-01 –TNO-13 from East to West) and 
common midpoint line (blue) on it. The location of the injection well and the two monitoring wells is indicated with arrows. Note: the dotted 
lines have not been acquired. 
3. Layout of the permanent seismic monitoring system 
TNO designed and implemented a permanently installed seismic monitoring system based on [5]. This system is 
used for both passive and active seismic observations. It consists of receivers placed at 13 locations (TNO-01 – 
TNO-13). On each location a 3 component geophone and a hydrophone were placed at 50 m depth. At 7 locations, 
230m 
130m 
350m 
TNO-01 
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geophones were also located at the surface. Additionally, geophones and hydrophones were placed at 10 m depth 
intervals at location TNO-07. The location of shots, receivers and common-depth-points (CDP) is shown in Figure 
1. The distance between the bore-holes is about 10 m. The layout of the receivers in depth is shown in Figure 2. 
The geophones and hydrophone were mounted in one receiver casing and connected to a cable with depth marks. 
The installation of the deep receivers was done in shallow boreholes. These boreholes only penetrated the 
Quaternary sediments. In fact, their bottom lies hardly above the Quaternary - Paleogene transition, which varies 
from 50 to 60 m below surface as observed in the three wells drilled at the storage site. The receivers were lowered 
in the drilling mud in the borehole down to the desired 50 m depth. Subsequently a grouting was added to the 
drilling mud with the intention to stiffen the drilling mud. 
 
 
Figure 2: Layout of the individual geophones and hydrophones in the 13 boreholes (TNO-01 to TNO-13 from left to right). 
The October 29th 2009 survey was conducted using an accelerated weight drop source. The shots were carried out 
specifically for this survey and consisted of two shot lines with 453 shots at 104 shot locations. This paper will only 
deal with the first shotline. At most locations the source was fired four times. The location of the first shot line is 
shown in Figure 1. The interval between source positions is 5 m, the shortest horizontal distance between receiver 
array and shot point is about 195 m. 
The source was applied on the road (and not on its shoulder). The first part (station 1 – 30) of the shotline 
consists of concrete slabs, the next part (up to about station 57) is a gravel type road and the last part is off the road 
(the road bends here), so it was fired on relatively weak soil. Visual inspection of the Common Receiver Gather 
records indicates the following transitions: station 1 – 15 relative low amplitudes; station 52 to the end again relative 
low amplitudes; station 58 to the end relatively low frequencies. The last part coincides largely with the weak soil. 
The transition from concrete slabs to gravel is not really recognizable. 
4. Results of previous 3D seismic interpretations 
Juhlin et al. [6] show results of the interpretation of a 3D baseline survey acquired in 2007. Based on information 
from borehole data, correlation with seismic data from other parts of the North East German Basin, and the seismic 
images themselves, the following reflection horizons were mapped by the authors from the migrated data: (1) near 
Base Tertiary, (2) near Top Sinemurian, (3) near Top Triassic, (4) near Top Arnstadt Formation, (5) Top Weser 
Formation, (6) near Top Stuttgart Formation, and (7) near Base Stuttgart Formation. The near Base Tertiary and Top 
Weser horizons are very well defined because of their characteristic seismic response, and the two horizons can be 
confidently mapped over the whole area. 
As indicated by [6], these horizons are generally present throughout the North German Basin and are known as 
the T1 (reflection from the transgression phase of the Cenozoic: soft-hard rock boundary) and the K2 (Top Weser 
Formation), respectively ([7]). Although less well constrained in the present data set, the reflection horizons 
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corresponding to the near Top Triassic and the near Base Stuttgart Formation are also known on a regional scale as 
the K1 (reflection from the base of the Exter Formation: sandstone-mudstone boundary) and the K3 (Reflection 
from the top of the Grabfeld Formation: reflection from an anhydrite layer). 
5. Analysis of the TNO data 
For the TNO line a total of about 300 useful shots were available. These are distributed over 71 source locations. 
Shots were repeated mostly four times at each location For the buried hydrophones, as well as for the buried 
geophones, for each shot there are 13 traces available. This totals to 3900 traces for both arrays, or 923 independent 
pre-stack traces. The final stack counts 117 CDP’s. The shortest horizontal distance between receiver array and shot 
point is about 195 m. First arrivals consist of refracted waves traveling through an upper layer of 1000 m/s and a 
deeper layer of 1600 m/s. Taking a mean velocity of 1500 m/s, first arrivals can be expected around 130 ms in the 
surface recordings and somewhat earlier in the recordings of the buried receivers. They are indeed observed for this 
travel time. 
From previous results ([6] & [8]) it is known that the base Tertiary and the K2 (top Weser) are strong reflections. 
These two support the analysis of the pre-stack records. Eventually most attention is given to the top Stuttgart 
reflection below the K2, as this is the reflection that contains the CO2 injection information. 
The bandwidth of the data recorded with the hydrophones is up to about 300 Hz. The bandwidth of the data 
recorded with the v50 geophones is up to about 250 Hz. The hydrophone data have a very high 50 Hz (and 150 Hz) 
noise component. The geophone data have much less 50 Hz noise.  
Examples of the Common Receiver Gathers (CRG) after muting, deconvolution and bandpass filtering are shown 
both for respectively vertically oriented geophones and hydrophones each at 50 m depth in Figures 3 and 4 and 
demonstrate the following remarkable features: 
1. Two cusps in the first arrivals are visible; that are not CDP-consistent, but source-location consistent. 
Therefore it is assumed that very shallow near source velocity variations occur. 
2. Reflectors that are continuous for one receiver are not always continuous for another receiver. 
 
 
Figure 3: Common Receiver Gathers of some vertical geophones at 50 m depth, filtered (channel numbers count from 1 – 13 for the geophones); 
left:West. 
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Figure 4: Common Receiver Gathers of some hydrophones  at 50 m depth, filtered (channel numbers count from 1 – 13 for the geophones); 
left:West. 
Looking at the CRG’s suggests that there are significant static shifts for the different shots. This is especially 
apparent on unfiltered CRG’s and looks partly related to the somewhat “strange” first arrivals. However, the deeper 
reflectors in the CRG’s have a reasonable continuity which suggests small static shifts. To resolve static receiver and 
shot problems, residual static corrections were computed and applied. 
 
6. Disturbance by high amplitude waves 
The high amplitude signals that exist after 450 – 800 ms (muted in the Figures 3&4) disturb the standard P-wave 
reflection seismogram most severely. Therefore it is useful to understand these signals better, e.g, by finding out 
whether these signals are body waves or boundary waves. This can be done by checking the polarization behavior of 
these signals. If the signals are body waves, they should invoke a linear polarization in the three component 
geophones, whereas if they are interface related, they show an elliptical polarization. 
The high amplitudes observed around 450 ms on the vertical geophones are considered S-waves. As they also 
appear on the hydrophone records, although with a low amplitude, it is concluded that at some interface near the 
hydrophone the S-waves are converted to P-waves or another pressure-related wave (interface waves). This interface 
may be the borehole, and the observed wave in the hydrophone may be a tube wave that is known to produce a high 
amplitude on hydrophones in the middle of the borehole. 
Figure 5a-c shows 3D plots of the polarizations over different time intervals for shot 73 (vertical, h1 and h2 
component). Figure 5a shows the time window before the first arrival. It shows that the noise is not linearly 
polarized. This means that the background noise is a combination of: 
• electronically aroused noise  
• as far as movement noise is concerned, it corresponds to tube wave types and not to body waves. 
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Our interpretation is that waves at the surface (surface waves) constantly strike the borehole and produce a constant 
tube wave train. 
Figure 5b shows the time interval of the first arrivals and 100 ms thereafter. These are nicely linearly polarized as 
expected. This plot also shows that the signals in the 100 – 200 ms interval have an amplitude of about 10 times that 
of the background noise. 
Figure 5c shows the polarization for the high amplitude waves. These signals are clearly not linearly polarized. 
This would suggest a strong tube wave type component. It can well be that S-waves arrive at the borehole and 
somehow trigger the tube waves (as is also seen on the hydrophone data) and that a mix of body S-waves and tube 
waves is observed. Other shots give very similar results. 
 
 
  (a)    (b)    (c) 
Figure 5: Polarization plots of shot 73: vertical geophone vs. two horizontal geophones for three time windows: (a) 50-100 ms, (b) 50-200 ms and 
(c) 600-800 ms. Note the difference in scale of the individual plots, the amplitudes of (b) and (c) are an order of magnitude larger than of (a). 
7. Interpretation of the stacked data results 
As a result of the initial data analysis of the active TNO-survey, a total of three stacks were obtained: 
• vertical geophone at the surface 
• vertical geophone at 50 m depth 
• hydrophone at 50 m depth 
The stack of the hydrophones at 50 m depth after muting the high amplitude waves is shown in Figure 6. The 
most prominent reflectors are the base Tertiary (around 150 ms) and the K2 reflection (around 450 ms) There is a 
large difference of the continuity of the 450 ms reflector between the stacks obtained with the geophones or with the 
hydrophones. The vertical geophones at depth contain a lot of S-wave energy, whereas the hydrophones do not. This 
is probably the reason that the hydrophone stack is much cleaner than the geophone-stack. 
Furthermore continuous reflections later than 550 ms are not clearly observed in either of the stacks. This is 
probably caused by the high content of (converted) S-waves in the recorded data. 
For comparison with seismic stacks obtained by others using receivers at the surface a time shift of about 40 ms 
has been applied; corresponding to 45 m of 1700 m/s (27 ms) and 5 m of 400 m/s (12 ms) totaling to about 40 ms. 
E.g.: the K2 reflector as interpreted by [4] and [8] at 500 ms corresponds to the reflector at 450-460 ms in our 
stacks. 
Juhlin et al. ([8]) show seismic sections of the baseline seismic data. The TNO line approximately coincides with 
the shown inline 1170. The length of 100 bin-stations is 1200 m, whereas the length of the TNO line is slightly 
above 200 m (about 17 bin-stations).  
Figure 7 shows the TNO stacked line after muting of the high amplitude interface waves on top of part of the 
corresponding inline of the baseline 3D survey (taken and modified from Juhlin et al., [8]). 
The T1 near base Tertiary horizon seems better imaged on the TNO stack probably due to a lower coverage of 
the 3D close to the CO2 injection site. Furthermore the K2 horizon is imaged with a higher vertical resolution on the 
TNO stack. The effect of the burried receivers leading to a higher frequency content of the data is clearly visible. 
The top Triassic horizon around 350 ms is clearly visible on the 3D seismic data, but is hardly visible on the 
TNO stack. The reason is not clear yet and this is part of ongoing further research. 
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Figure 6: TNO stack acquired with burried hydrophones (50 m depth) including interpreted horizons T1 (near base Tertiary) and K2 (top Weser).  
 
 
Figure 7: Stacked TNO line acquired with burried hydrophones on top of the corresponding inline of the 3D baseline survey (modified from 
Juhlin et al., [8]). 
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8. Conclusions 
This paper describes the initial results of active seismics obtained using a burried permanent multi-component 
seismic array at Ketzin. The main advantage of the burried sensors over conventional surface seismics is the 
increased frequency content of the data up to 300 Hz. Different stacks of the data have been produced, of which the 
hydrophone stack provides the best results so far. On this stack internal structures of the Stuttgart Formation can be 
recognized, though the testline is very short. Whether the CO2 can really be observed is hard to say because of the 
lack of a baseline survey prior to CO2 injection. Further analysis in comparison with the time-lapse 3D survey is 
envisaged. 
The data obtained with the geophones show high amplitude waves that arrive just after the P-wave arrival time of 
the top of the reservoir of interest. Polarization plots show that a large part of the data is different from the “ideal 
pure reflection” signals. It is concluded that a significant amount of converted waves is present. Possibly a large part 
of the converted waves arise from the interface between the well and the surrounding soil. 
Further filtering and processing of the multi-component data is envisaged as well as a repeat seismic acquisition. 
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